Vertebrobasilar artery dissecting aneurysm (VBA-DA) is associated with serious complications and poor prognosis in patients. Highresolution magnetic resonance imaging (HR-MRI) is a noninvasive method for the diagnosis of VBA-DA.
Introduction
Vertebrobasilar artery dissecting aneurysm (VBA-DA) is a pathological condition of the vertebrobasilar artery caused by hypertension, atherosclerosis, alpha-antitrypsin deficiency, neoplasm, trauma, infection, and/or inflammation. [1, 2] Hematoma between intima and media can progressively occlude the parent artery, thus leading to decreased perfusion of the distal perforator vessels and even cerebral infarction. Even worse, ruptured VBA-DAs can lead to subarachnoid hemorrhage (SAH), and eventually death of the patients. [3] The incidence rate of VBA-DA is approximately 1/100,000 to 1.5/100,000. [4] Young patients with VBA-DA often have ischemic symptoms, whereas old patients have bad prognosis due to hemorrhage. [5, 6] Therefore, it is important to identify potential methods for the detection of VBA-DAs.
Conventionally, digital subtraction angiography (DSA), which is regarded as the "gold standard" method for the diagnosis of cerebrovascular disease, is also widely used for the diagnosis of VBA-DA. [7] Computed tomography angiography (CTA), magnetic resonance angiography (MRA), and transcranial cerebral Doppler have also been widely used for the diagnosis of VBADAs too. The primary feature of VBA-DA is intramural hematoma in the real and false lumen. Although traditional techniques such as DSA can differentiate inflow from outflow via dynamic blood flow, they can only display the morphology of the blood vessel not the structure of the vascular wall and the dissection flap. Identifying the location of intramural hematoma and the dissection flap is important for treating VBS-DAs correctly. High-resolution magnetic resonance imaging (HR-MRI) is the only noninvasive method for imaging the structure of vascular wall. [8] The scanning sequences of HR-MRI include three-dimensional T1 weighted image (3D-T1WI), three-dimensional T2 weighted image, three-dimensional time of flight MRA (3D-TOF-MRA), and three-dimensional fast imaging employing steady state acquisition (3D-FIESTA). These methods are noninvasive and repeatable, and exhibit high resolution to the dissection structure, such as intramural hematoma and flap. [9] [10] [11] [12] This study aimed to characterize the features of VBA-DA in 39 patients (with 42 VBA-DAs) including dissection size, morphology, and location. In addition, this study proposed a new clinical classification for VBA-DAs based on HR-MRI in combination with DSA, and analyzed the prognosis associated with each type of VBA-DAs. This classification provides the clinical basis for individualized treatment of different VBA-DAs.
Methods

Study design and patient population
The study was approved by the Medical Ethics Committee of QiLu Hospital, Shandong University, and all patients gave their written informed consent. From November 2013 to October 2015 44 patients were recruited with suspected VBADAs and visited the Department of Neurosurgery of QiLu Hospital, Shandong University. The following patients were included in the present study: had suspected VBA-DA detected by DSA; had the aneurysms involved in the vertebral artery, basilar artery, and/or vertebrobasilar artery; and underwent HR-MRI examination. The following patients were excluded from the present study: had dissecting aneurysms involved in nonvertebrobasilar artery regions; had nondissecting aneurysms with calcification or atherosclerosis confirmed by CT or MRI; uncooperative; had SAH with Hunt-Hess grade IV; and no MRI examination.
High-resolution magnetic resonance imaging
All patients underwent HR-MRI scanning with a 3.0T GE device (HDx 3.0 T, GE Healthcare, Chicago, IL). MRI scans were performed in 8 channel head and neck coils with a matrix size of 256 Â 256 pixels and a pixel size of 0.28 mm Â 0.28 mm. The lesion region was identified by 3D-TOF-MRA. Lesions in the vascular wall such as intramural hematoma, atherosclerosis, calcification, and false and true lumen were identified using the black blood and white blood techniques. The black blood techniques employed quadruple inversion recovery (QIR) and 3D-T1WI non-double inversion recovery and traditional T1WI. QIR eliminated blood flow artifact to a larger extent, and improved spatial resolution. 3D-T1WI had high contrast signal intensity on T1-weighted image, which was superior on the diagnosis of lesions on the vascular wall. 3D-FIESTA was adopted in the white blood technique to reveal fine dissection structure, such as flap. The MR sequences parameter were as follows: 3D-TOF-MRA, repetition time (TR), 22 millisecond; echo time (TE), 3 
Follow-up
All patients were followed up for 3 to 25 months by telephone. Among the 39 patients, 30 patients underwent DSA during the follow-up. Prognosis were scored on the basis of modified Rankin Scale (mRS) score, [13] as follows: mRS 1, improvement; 2 mRS 3, stabilization; and mRS ≥4, exacerbation.
Statistical analysis
Statistical analyses were performed using SPSS version 19.0 (International Business Machines Corporation (IBM), Armonk, New York). Quantitative data are expressed as mean ± standard deviation. Categorical data were expressed as the percentage. Differences were analyzed using Fisher's exact test. P < .05 was considered statistically significant.
Results
Baseline characteristics of patients
Of the 44 patients who were initially enrolled, 5 patients were excluded, including 2 SAH patients with Hunt-Hess grade IV, 1 patient with extensive calcification of basilar artery diagnosed by HR-MRI and CTA, and 2 patients with atherosclerosis confirmed by CT and MRI. Finally, 39 patients with 42 dissecting aneurysms were included in the study. Three patients had bilateral aneurysms. All 39 patients with VBA-DA underwent stent-assisted coiling embolization after preoperative examination.
The mean age of the patients was 57.69 ± 8.66 years (range, 42-72 years, Table 1 ). Of the 39 patients, 28 patients were male and 11 patients were female. Twenty-one patients (53.8%) had hypertension, and 8 patients (20.5%) had diabetes. Twelve patients smoked cigarettes. Headache or neck pain was the most clinical manifestation, followed by dizziness, inarticulate speech or limb numbness, and cerebellar signs. Seven patients had stroke confirmed by DWI and 6 patients had SAH diagnosed by CT. Table 2 showed the location of the 42 VBA-DAs, and Figure 1 showed the representative images. Figure 2 showed the representative images of VBA-DA on HR-MRI. The hematoma and flaps detected by 3D-TOF-MRA, 3D-T1WI, and 3D-FIESTA, were compared (Table 3) . 3D-TOF-MRA showed the signal of hematoma and flap was 57.1% (24/ 42) and 52.4% (22/42), 3D-T1WI showed 23.8% (10/42) and 9.5% (4/42), and 3D-FIESTA showed 47.6% (20/42) and 61.9% (26/42), respectively. 3D-TOF-MRA had the highest signal of hematoma, and 3D-FIESTA has the higher signal of flap (Table 3) .
Dissection location
Detection of atherosclerotic plaque by HR-MRI scanning sequences
HR-MRI clearly detected the difference between VBA-DAs and atherosclerotic plaques in the vascular wall. For atherosclerotic lesions, the incrassated intima was eccentric and inhomogeneous on HR-MRI images, whereas the dissection always exhibited homogenous signals on HR-MRI images (Fig. 3 ). More importantly, atherosclerotic plaque was enhanced in enhancement scan, and did not occur in VBA-DAs.
Clinical classification of VBA-DA
Based on HR-MRI and DSA images (Fig. 4) , VBA-DAs were classified into 4 types: classical, stenosis, spiral, and hemorrhagic, which occurred in 19 cases (48.7%), 6 cases (15.4%), 8 cases (20.5%), and 6 cases (15.4%) of the 42 aneurysms, respectively.
Clinical prognosis
All 39 patients were followed up for 3 to 25 months, with a median follow-up period of 13 months. Of the 39 patients, 30 (76.9%) patients underwent DSA during follow-up. The prognosis was significantly difference among patients with different types of VBA-DAs (chi-squared test = 8.917, P = .015; Table 4 ). The patients with classical VBA-DAs had a high improvement rate and a lower exacerbation rate compared with the spiral type (P = .032), and hemorrhagic type (P = .048) ( Table 4 ). The patients with spiral and hemorrhagic VBA-DAs had poor clinical outcomes. The patients with stenosis VBA-DAs had poorer clinical outcomes than classical types and better clinical outcomes than spiral and hemorrhagic types.
Discussion
Although the development of surgical instruments and therapeutic methods greatly improves the treatment of VBA-DA, the prognosis of patients with VBA-DA is still poor. [14] In addition, the clinical outcomes of patients with VBA-DA are largely depended on the location and dissection structure.
VBA-DAs were more frequently found on the vertebral artery than on the basilar artery, suggesting that anatomic factors of posterior circulation may contribute to the formation of VBA-DAs. "-" = not evaluated, DA = dissection aneurysm, PICA = posterior inferior cerebellar artery, VBA-DA = vertebrobasilar artery dissecting aneurysm.
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The vertebral artery has less connective tissues and is vulnerable to head movement, and thus may be susceptible to vascular damage and occurrence of VBA-DA. Approximately 50% of patients had vertebral artery dominance, which is consistent with the previous report by Hong et al. [15] In addition, VBA-DAs more frequently occurred on the dominant vertebral artery than on the nondominant vertebral artery, suggesting that hemodynamics factors contribute to the formation of VBA-DAs. The high blood flow in the dominant vertebral artery can increase the pressure on internal wall. The fluid shear stress can produce "crimping effect" on the vascular wall and long-term crimping effect will result in damage to the intima, eventually leading to the formation of VBA-DAs.
HR-MRI can clearly show the vascular wall and lumen structure with the black blood and white blood techniques. Blood flow presents to be black and the vessel wall exhibits high signal intensity in the black blood technique. White blood technique can clearly visualize the wall structure and obtain high spatial resolution images by enhancing the contrast between blood flow and vessel wall. [8, 12, [16] [17] [18] The presence of intramural hematoma and dissection flap in the HR-MRI is important for diagnosing VBA-DA. In this study, 3D-TOF-MRA and 3D-FIESTA were sensitive for detecting intramural hematoma and dissection flap. Although 3D-T1WI was less sensitive, the contrast and resolution of images, especially the outline of dissection flap, were good enough for diagnosis of VBA-DA.
Although DSA is widely used for diagnosis of VBA-DA, it is associated with many disadvantages: an invasive procedure with a risk for blood vessel damage; unsuitable for frequent studies; and cannot show the structure of the vascular wall and dissection flap. In contrast, HR-MRI is a useful noninvasive tool for Traditionally, VBA-DA are classified into ischemic and hemorrhagic types. [19] In this study, we proposed a new classification of VBA-DA based on the HR-MRI images in combination with DSA images. According to the dissection morphology and perforating branches, VBA-DAs are classified into 4 types: classical, stenosis, spiral, and hemorrhagic type (Fig. 3) . In the classical type, the dissection was characterized by expansion of vascular disease without rupture. Hematoma is primarily located between the media and adventitia. In the stenosis type, hematoma was mainly located between the intima and media. Stenosis occurred in the proximal or distal end of the dissecting aneurysms and involved some perforating branches, eventually leading to ischemic stroke. In the spiral type, the dissection exhibited dolichoectasia in DSA. Interestingly, spiral variation on different segment could be revealed clearly from the axial images on HR-MRI (Fig. 3C1) . In the hemorrhagic type, the dissection was comparable to that in the classical type. In this type, the adventitia was ruptured and the blood flows into the subarachnoid space. The internal structure of VBA-DAs on HR-MRI provided useful information for clinical diagnosis.
In addition, we examined the prognosis of patients with different types of VBA-DAs. We found that patients with the classical type of VBA-DAs were associated with good clinical outcome, possible because this type of VBA-DAs only caused vascular dilatation without the involvement of perforating branches. In contrast, patients with the spiral and hemorrhagic types were associated with poor outcomes. In the spiral type, the internal elastic lamina was severely damaged due to the fluid shear stress or the crimping effect on the intima. The perforating branches could be involved to cause stenosis or occlusion. Moreover, microthrombus from the inner-dissection resulted in acute ischemic stroke. The worse prognosis of patients with the spiral type of VBA-DA may be associated with stenosis or occlusion of the vessels and even the presence of acute ischemic stroke. The worse prognosis of patients with the hemorrhagic type of VBA-DA may be associated with SAH, which can induce serious cerebrovascular vasospasm, and cause severe acute ischemic stroke, hydrocephalus, or obstructive hydrocephalus.
For the stenosis type, the therapeutic strategies were determined by the local conditions of the stenosis. If the stenosis was caused by intramural hematoma or thrombosis, single stentassisted coils embolization should be sufficient for the purse of protecting some involved perforating branches. Winspan stent or Enterprise stent with strong support are preferred to use. Prior to implant the stents, Gateway balloon is advised to use to dilate the blood vessel. If the stenosis is caused by atherosclerosis, the narrow vessel should be dilated with the balloon before single stent-assisted coils embolization. For the spiral type, multiple stent-assisted coils embolization should be applied to get better therapeutic effects. To avoid stent moving during coil introduction, the first stent should be deployed with stent semi-deploying technique or stent post-deploying technique. Since perforating branches are involved in this type, loosened coil embolization should be used to protect the perforating branches and decrease postoperative complications. For the hemorrhagic type, to reduce re-bleeding risk of ruptured dissection, multiple stent-assisted technique and compact coils embolization should be considered to be the first choice. To avoid aneurysmal rupture due to extrusion of the implanted coils, stent should be deployed completely following coils embolization through the mesh of stent. This study has some limitations: pathological specimen and histopathology examination were not performed because it was dangerous to collect the sample of the vertebrobasilar artery. Therefore, the diagnostic symptoms including intramural hematoma and dissection flap were only determined by imaging and clinical experience, and the final diagnosis is not confirmed by pathohistological examination. This study only included 42 VBA-DAs in 39 patients. The sample size was relative small. Future study with a large sample size will be performed to confirm our findings in the present study.
In summary, we studied the clinical features of 42 VBA-DAs in 39 patients. We compared the effect of different HR-MRI sequences on detection of hematoma and flap, and found that 3D-TOF-MRA and 3D-FIESTA exhibited greater sensitivity and thus were useful for diagnosis of VBA-DA. Moreover, a new classification of VBA-DA was provided. Based on our classification, individualized therapeutic strategies can be designed for the treatment of VBA-DA.
